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A B S T R A C T
Currently there is a high level of interest in the development of ultraviolet (UV) light sources for solid-state
lighting, optical sensors, surface decontamination and water puriﬁcation. III-V semiconductor UV LEDs are now
successfully manufactured using the AlGaN material system; however, their eﬃciency is still low. The majority
of UV LEDs require AlxGa1-xN layers with compositions in the mid-range between AlN and GaN. Because there is
a signiﬁcant diﬀerence in the lattice parameters of GaN and AlN, AlxGa1-xN substrates would be preferable to
those of either GaN or AlN for many ultraviolet device applications. However, the growth of AlxGa1-xN bulk
crystals by any standard bulk growth techniques has not been developed so far.
There are very strong electric polarization ﬁelds inside the wurtzite (hexagonal) group III-nitride structures.
The charge separation within quantum wells leads to a signiﬁcant reduction in the eﬃciency of optoelectronic
device structures. Therefore, the growth of non-polar and semi-polar group III-nitride structures has been the
subject of considerable interest recently. A direct way to eliminate polarization eﬀects is to use non-polar (001)
zinc-blende (cubic) III-nitride layers. However, attempts to grow zinc-blende GaN bulk crystals by any standard
bulk growth techniques were not successful.
Molecular beam epitaxy (MBE) is normally regarded as an epitaxial technique for the growth of very thin
layers with monolayer control of their thickness. In this study we have used plasma-assisted molecular beam
epitaxy (PA-MBE) and have produced for the ﬁrst time free-standing layers of zinc-blende GaN up to 100 μm in
thickness and up to 3-inch in diameter. We have shown that our newly developed PA-MBE process for the growth
of zinc-blende GaN layers can also be used to achieve free-standing wurtzite AlxGa1-xN wafers. Zinc-blende and
wurtzite AlxGa1-xN polytypes can be grown on diﬀerent orientations of GaAs substrates - (001) and (111)B
respectively. We have subsequently removed the GaAs using a chemical etch in order to produce free-standing
GaN and AlxGa1-xN wafers. At a thickness of ∼30 µm, free-standing GaN and AlxGa1-xN wafers can easily be
handled without cracking. Therefore, free-standing GaN and AlxGa1-xN wafers with thicknesses in the 30–100 μm
range may be used as substrates for further growth of GaN and AlxGa1-xN-based structures and devices.
We have compared diﬀerent RF nitrogen plasma sources for the growth of thick nitride AlxGa1-xN ﬁlms
including a standard HD25 source from Oxford Applied Research and a novel high eﬃciency source from Riber.
We have investigated a wide range of the growth rates from 0.2 to 3 µm/h. The use of highly eﬃcient nitrogen
RF plasma sources makes PA-MBE a potentially viable commercial process, since free-standing ﬁlms can be
achieved in a single day.
Our results have demonstrated that MBE may be competitive with the other group III-nitrides bulk growth
techniques in several important areas including production of free-standing zinc-blende (cubic) (Al)GaN and of
free-standing wurtzite (hexagonal) AlGaN.
1. Introduction
There is currently a high level of interest both commercial and
scientiﬁc in nitride semiconductors for light emitting, high-power, high-
frequency and high temperature electronic devices. Group III-nitride
layers for device fabrication are normally grown by three main
methods; metal-organic vapour phase epitaxy (MOVPE), hydride va-
pour phase epitaxy (HVPE) and molecular beam epitaxy (MBE). The
biggest problem for nitrides is the lack of suitable lattice-matched
substrates. Therefore, AlGaInN layers are grown on non-lattice matched
sapphire, GaAs or SiC substrates. Bulk substrates, matched in lattice
constant and thermal expansion properties to epitaxial nitride layers
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are required for fabrication of the highest-quality AlGaInN-based
devices.
The group III-nitrides normally crystallise in the wurtzite (hexago-
nal) structure. The unique feature of wurtzite group III-nitrides, in
comparison with conventional III-V semiconductors, is the existence of
very strong electric polarization ﬁelds inside the crystal structure [1].
The charge separation within quantum wells leads to a signiﬁcant
reduction in the eﬃciency of optoelectronic device structures, due to
the reduced overlap of the electron and hole wavefunctions. The
electric ﬁelds can be eliminated or reduced in wurtzite material by
growing in the non-polar or semi-polar directions. Therefore, the
growth of non-polar and semi-polar group III-nitride structures has
been the subject of considerable interest [2–4].
A direct way to eliminate polarization eﬀects is to use non-polar
(001) zinc-blende (cubic) III-nitride layers. The thermodynamically
metastable cubic GaN layers have received less attention than the more
familiar hexagonal III-N ﬁlms. However, successful pioneering epitaxial
growth of the metastable zinc-blende polytype of GaN has been
achieved by various groups more than 20 years ago [5–14]. Interest
in zinc-blende GaN is gradually increasing since then for three main
reasons: 1) the absence of spontaneous and piezo-electric polarisation
ﬁelds in cubic GaN [15]; 2) the ability to cleave cubic GaN on the
perpendicular {110} cleavage planes for device fabrication; and 3) the
enhanced mobility of the carriers (particularly p-type [16]), due in part
to the higher crystal symmetry. It has been also suggested theoretically,
that Auger interband losses in the blue-green region of the spectrum
could be smaller for cubic InGaN devices in comparison with the
hexagonal ones [17].
However, the current state of the availability of zinc-blende bulk
GaN substrates is even worse than with bulk hexagonal GaN substrates.
There were no reports on the growth of zinc-blende GaN bulk crystals
and substrates, and all attempts to achieve bulk cubic GaN substrates
have so far failed. It is well established that it is possible to initiate the
growth of GaN, AlN and InN layers in the zinc-blende structure on cubic
(001) substrates under special growth conditions by MBE, HVPE and
MOVPE. Normally cubic GaAs or SiC substrates are used for the growth
of thin (< 1 µm) cubic nitride layers. It has been shown that cubic GaN,
with the lowest content of the hexagonal phase GaN can be grown by
MBE [18]. In HVPE, and especially in MOVPE, due to higher growth
temperatures, the hexagonal fraction rapidly increases with increasing
GaN layer thickness, even when the ﬁlms were grown on the top of pure
cubic GaN MBE buﬀer layers [18].
There is a signiﬁcant diﬀerence in the lattice parameters of zinc-
blende GaN and AlN, unlike the case of GaAs and AlAs. There are only a
limited number of publications on the on the growth of very thin zinc-
blende AlN layers [19–25] and there are no reports on the growth of
bulk zinc-blende AlN crystals so far.
The recent development of group III nitrides allows researchers
world-wide to consider AlxGa1-xN based light emitting diodes (LEDs) as
a possible new alternative deep ultra-violet (DUV) light source for
surface decontamination and water puriﬁcation [26–30]. If eﬃcient
devices can be developed they will be easy to use, have potentially a
long life time, be mechanically robust and will lend themselves to
battery operation to allow their use in remote locations. Changing the
composition of the active AlxGa1-xN layer, will allow one to tune easily
the wavelength of the LEDs. This has stimulated research world-wide to
develop AlxGa1-xN based DUV LEDs [27–30]. Such DUV LEDs will also
have potential applications for drug detection and power electronics.
The ﬁrst successful semiconductor UV LEDs are now manufactured
using the wurtzite AlxGa1-xN material system, covering the energy
range from 3.4 up to 6.2 eV One of the most severe problems hindering
the progress of DUV LEDs is the lack of suitable substrates on which
lattice-matched AlxGa1-xN ﬁlms can be grown [26–30]. Currently the
majority of wurtzite AlxGa1-xN DUV LED devices are grown on sapphire
or AlN. The lattice mismatch between the substrate (sapphire or AlN)
and the active AlxGa1-xN layers results in poor structural quality of the
layers, cracks, and low radiative recombination rates in current DUV
LED devices. Therefore, the AlGaN layers contain a high density of
dislocations arising from the large lattice mismatch and the diﬀerence
in thermal expansion coeﬃcient between the wurtzite AlxGa1-xN layers
and sapphire. This results in a low ∼1 to 10% external quantum
eﬃciency (EQE) and poor reliability of existing DUV LEDs. DUV LEDs
require AlxGa1-xN layers with an AlN content in the mid-range between
pure AlN and GaN, and therefore high quality ternary AlxGa1-xN
substrates may signiﬁcantly improve the properties of the devices.
However, so far only limited success has been achieved in the growth of
bulk ternary wurtzite AlxGa1-xN crystals with a variable AlN content
[31,32]
In this article we review the work on the growth of free-standing
GaN and AlxGa1-xN by plasma-assisted molecular beam epitaxy (PA-
MBE). We discuss ﬁrst the growth and properties of free-standing zinc-
blende (cubic) GaN. We then discuss the growth and properties of free-
standing zinc-blende (cubic) and wurtzite (hexagonal) AlxGa1-xN alloys
with controlled concentrations of Al. Finally, we discuss the use of high
eﬃciency nitrogen plasma sources to obtain growth rates of 2–3 µm/h
enabling free-standing GaN and AlxGa1-xN samples to be grown in a
single day.
1.1. MBE of free-standing zinc-blende GaN
We have demonstrated, for the ﬁrst time, that it is possible to grow
free-standing zinc-blende GaN layers by MBE [33–35]. Undoped thick
cubic GaN ﬁlms were grown on semi-insulating cubic GaAs (001)
substrates by plasma-assisted molecular beam epitaxy (PA-MBE). MBE
is normally regarded as an epitaxial technique for the growth of very
thin layers with monolayer control of their thickness. However, we
have used the MBE technique and we have produced free-standing GaN
layers up to 100 μm in thickness and up to 3-inch in diameter.
Undoped, thick cubic GaN ﬁlms were grown by PA-MBE in a custom
made MBE system and in a standard MOD-GENII system using arsenic
(As2) as a surfactant to initiate the growth of cubic phase material
[33–35]. We have used ¼ of 2-inch, 2-inch and 3-inch diameter (001)
semi-insulating and n-doped GaAs wafers. The substrate temperature
was measured using an optical pyrometer. Growth temperatures of
∼700 °C were used. The active nitrogen for the growth of the group III-
nitrides was provided by either a CARS25 or an HD25 RF activated
plasma source from Oxford Applied Research. Prior to the growth of the
GaN layers, a GaAs buﬀer layer was grown on the GaAs substrate in
order to improve the properties of the cubic GaN layers. Free standing
GaN layers were obtained by removing the GaAs substrates using a
chemical etch (20ml H3PO4: 100ml H2O2). Samples were studied in-
situ using reﬂection high-energy electron diﬀraction (RHEED) and after
growth ex-situ measurements were performed using X-ray diﬀraction
(XRD), Hall and photoluminescence (PL).
The ﬁrst thick cubic GaN layers were grown over several days. The
GaN samples were grown for several hours each working day, but
growth was stopped during the night. However, we realised later that
we could sustain a 24×7 MBE growth process and subsequently all the
long growths were done without interruption.
Fig. 1 shows the dependence of the thickness of zinc-blende GaN on
growth time under ﬁxed MBE growth conditions. The GaN ﬁlm
thickness was measured using optical methods for the thinner
(< 10 µm) ﬁlms (before removing them from GaAs) and using a
micrometer for the thicker ﬁlms (after removing them from the GaAs
substrate). The GaN thickness increased linearly with the growth time
and the growth rate was∼0.3 µm/h. We did not observe any signiﬁcant
change in the growth rate with increasing GaN layer thickness. Even
though this growth rate is not particularly fast, it was already
comparable to the growth rates for bulk wurtzite GaN crystals grown
from the liquid Ga at high pressure [36].
It was possible to obtain free-standing cubic GaN layers for ﬁlms
grown under both Ga- and N-rich conditions even for layers under one
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micron thick. We have mounted the GaN/GaAs samples on glass using
wax and subsequently etched oﬀ the GaAs substrate. Unfortunately, due
to the strong internal strain, thin (< 1 µm) free-standing cubic GaN
layers crack and bend into rolls. In Fig. 2 one can see a thin GaN layer
on the glass.
With increasing zinc-blende GaN thickness, the samples become
stronger and we do not observe any cracks in thicker samples. Fig. 3
shows free-standing zinc-blende GaN layers with a surface area> 1
cm2. The thickness of the layer shown in Fig. 3(a) is about 8 µm. It can
be seen that the free-standing zinc-blende GaN layer is transparent and
has the perpendicular {110} cleavage planes associated with cubic
symmetry. Also shown in Fig. 3b is a 30 µm sample that can be handled
without cracking.
Zinc-blende GaN is the thermodynamically metastable polytype of
GaN and under the majority of growth conditions GaN will naturally
grow in the form of the wurtzite polytype. For our speciﬁc MBE growth
conditions we have forced GaN to grow zinc-blende by using (001)
cubic GaAs substrates and by supplying an additional As2 ﬂux. It is
diﬃcult to initiate the growth of zinc-blende GaN, but it is even more
diﬃcult to sustain the growth of the pure zinc-blende polytype in thick
layers without any wurtzite inclusions. Small wurtzite inclusions are
formed inside the zinc-blende GaN probably due to thermodynamic
instabilities, however, the precise mechanism for the formation of such
inclusions is still unknown. The initial step in the growth of free-
standing zinc-blende GaN crystals is crucial for suppression of the
initiation and growth of such wurtzite inclusions.
We have used four main techniques to characterise the quality of
zinc-blende GaN layers – RHEED, photoluminescence, nuclear magnetic
resonance (NMR) and X-ray diﬀraction. PL is very sensitive to existence
of any hexagonal inclusions in the cubic GaN layers. Even minimal
incorporation of wider band gap (∼3.4 eV) wurtzite GaN phase into a
narrower zinc-blende GaN (∼3.2 eV) results in very strong hexagonal
PL and suppression of cubic PL, probably due to high crystalline quality
of direct band-gap hexagonal inclusions.
In XRD the main peak for cubic (001) GaN in a 2θ-ω scan is at∼40°.
There is no overlap of this peak with any peaks for hexagonal GaN, so
we can use 2θ-ω scan as a method to study cubic inclusions in
hexagonal GaN matrix. However, this is not the case for hexagonal
inclusions in a cubic GaN matrix [37–39]. The position of the main
0002 peak for hexagonal GaN in 2θ-ω scan is at 2θ about∼35°, which
coincides with the 111 peak for cubic GaN in a 2θ-ω scan. We know that
we have a high density of the stacking faults in cubic GaN layers and if
we have a peak at∼35° it can mean that we are looking at cubic (111)
grains. Therefore, an XRD 2θ-ω scan is not a very accurate way to
determine whether we have hexagonal inclusions in cubic (001) GaN
layers. For GaN grown on (001) oriented GaAs, with no XRD GaN
related peak at ∼35° in a 2θ-ω scan, we can conclude that we have no
hexagonal inclusions oriented with the [0001] direction perpendicular
to the growth surface or cubic inclusions with the [111] direction
perpendicular to the same growth surface. However, this does not
exclude the possibility of hexagonal inclusions growing parallel to the
Fig. 1.. The sample thickness versus growth time for zinc-blende GaN grown by PA-MBE.
Fig. 2.. A thin zinc-blende GaN layer mounted on glass after removing the GaAs substrate
[35].
Fig. 3.. Free-standing zinc-blende GaN layers with the diﬀerent thickness – (a) ∼8 µm and (b) ∼30 µm [33].
S.V. Novikov et al. Progress in Crystal Growth and Characterization of Materials xxx (xxxx) xxx–xxx
3
[111] direction of the cubic GaN.
It is now well established that there are 3 main growth conditions
for PA-MBE of wurtzite GaN [40]. They are N-rich growth (where the
active nitrogen ﬂux is larger than the Ga-ﬂux); Ga-rich growth (here the
active nitrogen ﬂux is less than the Ga-ﬂux) and strongly Ga-rich
growth (here the active nitrogen ﬂux is much less than the Ga-ﬂux and
Ga droplets are formed on the surface). In our research we have
established that the best structural properties of free-standing zinc-
blende (cubic) GaN can be achieved with initiation under Ga-rich
conditions, but before the formation of Ga droplets.
Fig. 4 shows low temperature PL spectra for three zinc-blende GaN
layers grown under Ga-rich, N-rich and intermediate conditions on 2-
inch GaAs substrates. We observed PL peaks attributed in the literature
to excitonic recombination (∼3.25–3.27 eV), donor-acceptor pair tran-
sitions (∼3.15–3.18 eV) and a free to bound transition (∼3.1 eV) in
cubic GaN [31–34]. There is no indication of a hexagonal peak,
expected at ∼3.4 eV The observation of the three well resolved peaks
in low temperature PL spectra is a signature of high quality zinc-blende
GaN layers [41–43]. From Fig. 4 we can conclude that the best quality
layers have been grown under slightly Ga-rich conditions.
Fig. 5 shows X-ray data for a cubic GaN layer∼12 µm thick, grown
for 24 hours on a 2-inch GaAs substrate. In the ﬁgure we present the X-
ray results from the as grown GaN sample on the GaAs substrate and for
the free-standing GaN layer. At a GaN thickness of ∼12 µm we were
able to obtain free-standing GaN by chemically removing GaAs
substrate. Both spectra show that the layer is zinc-blende GaN. The
fact that we can see GaAs peaks in the GaN spectrum on the GaAs
substrate shows that the penetration depth of XRD is more than 12 µm
and we are collecting data from the whole depth of the GaN layer. We
can just see the appearance of a very small peak at 2θ∼35°, this may be
the sign of hexagonal inclusions, but may result from the formation of
(111) cubic GaN stacking faults. The intensity of this peak is∼3 orders
of magnitude lower than the intensity of zinc-blende peak
To grow cubic GaN layers with a thickness ∼30–100 µm, which is
the desirable thickness for potential substrate applications, we need to
grow for about 100–200 h or 4–8 days. In order to grow high quality
free-standing cubic III-N layers we need, therefore, to be able to
maintain the same MBE growth conditions for about one week. The
free-standing cubic GaN layer shown in Fig. 6 was grown at a growth
rate ∼0.45 μm/h. There are several potential problems in achieving
this, such as: 1) drift of the Ga ﬂux due to depletion of the Ga cell; 2)
drift of the active nitrogen ﬂux due to changing the eﬃciency of the N
plasma source during prolong operations; and 3) a slow drift of the
growth temperature due to a gradual change in the emissivity of the
GaAs-substrate/GaN-layer. The window for the optimum growth con-
ditions for epitaxy of cubic GaN is not wide as can be seen from PL in
Fig. 4. Therefore, each long growth requires re-calibration of the MBE
system and growth of several thin GaN calibration samples.
It is diﬃcult to maintain the optimised growth conditions for a
period of several days. As a result we have observed the formation of
hexagonal inclusions in GaN layers grown for more than∼24 h and the
amount of them increases with increasing GaN thickness. We have
shown by several methods, including nuclear magnetic resonance
(NMR) studies (Please see details in Section 1.5), that it is possible to
grow zinc-blende GaN with a thickness up to 30–50 µm with less than
10% of hexagonal phase in the best samples [33].
At present, we cannot quantify the density of wurtzite inclusions
using with X-ray diﬀraction or transmission electron microscopy (TEM).
In XRD pole plots we can see that they exist within our zinc-blende
samples after a certain thickness of GaN layers. We also can see that the
density of hexagonal inclusions increases with layer thickness from the
increase in the intensity of the hexagonal XRD signal. The intensity of
the hexagonal peaks in pole plots always remains weaker than intensity
of the zinc-blende XRD peak. However, at present we are not able to
quantify the density of such hexagonal inclusions as a function of
thickness using XRD, because there is no simple way to translate from
the intensity of the XRD hexagonal peaks in pole plots to the density of
hexagonal inclusions. From NMR studies we can see that we have
∼10% of hexagonal phase for the ∼50 µm thick zinc-blende layers, so
this can be used as a calibration point for the XRD data. In principle, we
could obtain information about hexagonal inclusions from cross-
sectional TEM studies, but this would involve taking slices from
diﬀerent depths in the thick ﬁlms and such studies have not so far
been done.
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Fig. 4.. Low temperature PL data for zinc-blende GaN grown with N-rich, Ga-rich and
close to stoichiometry growth conditions.
Fig. 5.. X-ray data for a zinc-blende GaN layer∼12 µm thick before and after removal of
the GaAs substrate.
Fig. 6.. A 100 µm thick zinc-blende GaN layer grown on a 3-inch GaAs substrate.
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However, the best quality of zinc-blende phase GaN was observed in
layers less than 10 µm thick. Micro-PL measurements indicate that the
density of hexagonal inclusions increases after the ﬁrst 10 µm of growth
[44]. We have recorded the PL spectra from the cleaved edge of a thick
zinc-blende GaN layer as a function of the distance from the GaN/GaAs
interface using a micro-PL. The PL peak intensity of hexagonal GaN
(∼3.4 eV) increases with distance from the GaN/GaAs interface. The
data from NMR measurements (see Section 1.5) found that the average
hexagonal content of a similar thick zinc-blende GaN layer is ∼10%.
We used this result to estimate the approximate percentage of
hexagonal inclusions in the sample as a function of thickness [44].
We found that the volume of hexagonal inclusions is ∼1% within
10 µm from the GaN/GaAs interface, which would therefore appear to
be the best surface to use as a template for further growth of zinc-blnede
GaN device structures. It is worth noting that the hexagonal fraction is
still less than 20%,even near to the surface of∼50 µm thick zinc-blende
GaN layer. Therefore, if we want to produce zinc-blende GaN substrates
from our thick GaN layers it is logical to use the side of the GaN crystal
that was in contact with the GaAs substrate as the epi-side surface of the
future cubic GaN substrate fabrication.
Fig. 7 shows an AFM image of the surface of a free-standing zinc-
blende GaN layer ∼50 µm thick, chemically removed from the GaAs
substrate. This is the surface of the GaN layer, which was previously
attached to GaAs substrate. The surface is very smooth and has an RMS
roughness of ∼0.7 nm.
1.2. Arsenic impurities in the zinc-blende GaN layers
Our process requires growth of GaN for several days, during which
time the GaAs substrate is maintained at a high temperature of ∼700
°C, potentially resulting in unintentional As doping of the GaN layer due
to diﬀusion. Arsenic contamination is not desirable for the epi-ready
surface of zinc-blende GaN substrates and therefore this part needs to
be removed by polishing. The aim of the current section is to discuss
arsenic incorporation into zinc-blende (001) GaN during the initiation
phase of the epitaxy and during further long MBE growths.
In the secondary ion mass spectrometry (SIMS) studies of the thin
zinc-blende GaN layers (< 5 μm) we were able to sputter through the
GaN layer into the GaAs substrate [45]. We have used calibration
standards for As in GaN in order to quantify the As concentrations in
our layers. Fig. 8 shows the arsenic and nitrogen proﬁles in a relatively
thin zinc-blende GaN layer from the surface down to the interface with
GaAs. The arsenic concentration drops abruptly at the interface from
the bulk value for GaAs to the background value of SIMS system at
∼1018 cm−3 inside the GaN. Sputtering rate changes were employed to
determine the instrumental backgrounds of the SIMS systems and for As
the measured background is∼(7–8) 1017 cm−3 in both Cameca systems
used for the SIMS measurements. From Fig. 8 we can conclude that any
signiﬁcant arsenic contamination is limited to the ﬁrst∼200 nm of the
zinc-blende GaN layer. However, noting that the abrupt change in the
nitrogen signal at the interface covers a similar depth to that for the
arsenic it can suggest that the real depth of any arsenic contamination is
likely to be even lower, due to roughening during the SIMS measure-
ments.
For the thicker layers (5–100 μm range), SIMS sputtering through
the whole GaN is not viable. We were able to obtain free-standing zinc-
blende GaN layers, which allowed us to perform SIMS studies on both
sides of the free-standing GaN layers. The arsenic proﬁles for the
samples with signiﬁcantly diﬀerent growth times were practically
identical [45], which demonstrates that there is no signiﬁcant diﬀusion
of As into GaN during prolonged MBE growths. The depth of the As
incorporation did not change signiﬁcantly with increasing growth time
from a few hours to a few days. Therefore, we can conclude that arsenic
incorporation is limited to the ﬁrst few hundred nanometers of the GaN
layer and it is due to the initiation phase of the growth of zinc-blende
material, which involves use of arsenic as a surfactant to promote the
growth of the cubic phase.
We have developed a process to remove the thin (< 1 µm), lightly
As contaminated, region of GaN using a standard polishing process. We
are able to maintain the mirror like surface after polishing with
measured by AFM RMS roughness of ∼0.7 nm, values similar to that
of the original surface. We have developed a procedure to cleave the
wafers into the shape and size required for further processing to
produce free-standing zinc-blende GaN substrates, as shown in Fig. 9.
1.3. Doping of free-standing zinc-blende GaN layers
In this part we discuss the results on n- and p-doping of free-
standing zinc-blende GaN grown by PA-MBE. We use Si as the n-type
dopant and Mg as the p-type dopant for zinc-blende GaN [46,47].
Fig. 10 shows a SIMS proﬁles for Si at the centre of an GaN: Si layer
with a thickness ∼6 μm. The position of the GaN/GaAs interface is
clearly marked by the spike in Si incorporation and the Si incorporation
is uniform through the Si-doped part of the GaN layer. With increasing
Si cell temperature we observe in SIMS an increase in the Si doping
level. All Si-doped GaN layers have n-type conductivity according to
both thermopower studies and Hall measurements. For the thin GaN: Si
layers we have good agreement between Hall measurements of the
carrier concentrations and SIMS data for the Si level. PL of thin and
free-standing zinc-blende GaN: Si layers have been studied [47]. In the
low temperature PL spectra of zinc-blende GaN: Si we observed an
excitonic recombination related peak at ∼3.3 eV and a donor-acceptor
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Fig. 7.. An AFM image for a 50 µm thick zinc-blende GaN layer after removal of the GaAs
substrate [37].
Fig. 8.. The As and N proﬁles measured by SIMS in thin zinc-blende GaN layers grown on
GaAs.
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peak at ∼3.15 eV, as shown in Fig. 11. This data agrees with the
previously published results for the thin zinc-blende GaN: Si layers
[48].
Magnesium (Mg) was used as a potential p-dopant for free-standing
zinc-blende GaN. Again, initially we developed p-doping of the thin
zinc-blende layers GaN grown by MBE over a wide range of the Mg
concentrations. We did not observe any diﬀerence in SIMS proﬁles for
the distribution of 24Mg and 25Mg isotopes of magnesium [46]. The Mg
incorporation is uniform through the Mg-doped part of the GaN layer.
The PL spectra for our zinc-blende GaN:Mg samples are consistent
with other studies of the thin Mg-doped zinc-blende GaN [48]. Fig. 12
shows that we observed PL peaks corresponding to impurity bound
excitonic transitions at 3.25 eV, the donor-acceptor recombination at
3.15 eV, and transitions involving a shallow Mg acceptor at 3.05 eV
[47].
Therefore, controllable n- and p-doping of free-standing zinc-blende
GaN using Si and Mg by PA-MBE can be achieved. The fact that n- and
p-doped free-standing zinc-blende GaN wafers can be grown by PA-
MBE opens the possibility of the future production of n- and p-doped
free-standing zinc-blende GaN for vertical device structures.
1.4. MBE of InGaN LEDs structures on free-standing zinc-blende GaN
substrates
In order to test the feasibility of using such free-standing zinc-blende
GaN layers as a substrate for the further epitaxy of zinc-blende device
structures we have provided our layers to Sharp Laboratories of Europe
(SLE). We have supplied SLE with free-standing GaN with thicknesses in
the range 50 to 100 µm and size 10×10 mm2. As has been discussed in
Section 1.2, we have developed a polishing process to remove the thin,
lightly As contaminated, region of GaN. Therefore, we have provided
SLE with polished and with unpolished free-standing zinc-blende GaN.
Our collaborators at SLE have used their standard recipes to grow LEDs
structures on our free-standing GaN wafers.
GaN-InGaN p-i-n structures were grown by MBE at SLE on our free-
standing zinc-blende GaN substrates [49]. The device structure is
shown in Fig. 13. It consists of a 500 nm thick Si-doped GaN buﬀer
layer followed by a 30 nm thick InGaN active layer with ∼10% In
concentration. Above InGaN layer we have a ∼3 nm thick undoped
GaN and a 400 nm thick layer of Mg-doped GaN at the top of the
structure. Contacts were made to the n and p type regions using In and
Ni/Au layers respectively.
Fig. 9.. A 10×10 mm2 zinc-blende free-standing GaN substrate prepared for further
epitaxy.
Fig. 10.. SIMS proﬁles for Si and N at the centre of∼6 μm thick zinc-blende GaN:Si layer.
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Fig. 11.. Low temperature photoluminescence from a Si doped zinc-blende GaN.
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Fig. 12.. Low temperature photoluminescence from a Mg-doped zinc-blende GaN layer.
Fig. 13.. The structure of the zinc-blende InGaN LED grown on the free-standing zinc-
blende GaN.
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Fig. 14 shows the I–V characterisitics of the InGaN LED device
produced at SLE by MBE on our free-standing zinc-blende GaN
substrates. The turn-on voltage of the devices is better for LEDs
structures grown on polished GaN wafers and improved from ∼2 V to
4 V. Fig. 15 shows the resulting spectral characteristics of the zinc-
blende InGaN LED with a peak emission at room temperature of
∼460 nm, signiﬁcantly red-shifted from pure GaN.
These preliminary results conﬁrm that our free-standing zinc-blende
GaN wafers with thicknesses in the range 50 to 100 µm can be used a
substrates for the growth of working InGaN LEDs structures.
1.5. MBE of zinc-blende GaN layers with 15 N isotope gas for NMR
applications
Nuclear magnetic resonance (NMR) is a powerful tool for chemical
and structural analysis. The technique suﬀers from low sensitivity due
to the small thermal equilibrium values of the nuclear magnetic
polarization, however, the sensitivity can be improved by “hyperpolar-
izing” the nuclei. Previously it has been demonstrated that by optical
pumping zinc-blende semiconductors, e.g. GaAs and InP, with circular
polarized band gap radiation it is possible to hyperpolarize the nuclear
spins (71Ga and 31P) [50–52]. The optical pumping excites spin
polarized electrons which transfer their polarization to the nuclei by
Overhauser cross relaxation processes. The non-thermal spin popula-
tions produced in this way can give rise to an increased NMR signal.
Using a technique known as transferred optically pumped NMR
(TOPNMR), the polarization in the semiconductor can be transferred
to a material on the surface. In this way, enhanced NMR signals can be
obtained from very small amounts of, for example, a biological sample.
Owing to its high chemical stability, GaN would appear to be an ideal
material for use in TOPNMR. Furthermore, it can be grown by PA-MBE
using 15 N isotope nitrogen gas. The 15 N nucleus is spin 1/2 and, unlike
71Ga, it does not suﬀer from quadrupole eﬀects, which can act as a
barrier to spin exchange at the semiconductor surface.
We have demonstrated the PA-MBE growth of zinc-blende GaN ﬁlms
using high-purity 15 N isotope gas as a nitrogen source [53]. We have
detected the NMR signal from the 15 N in a powdered sample of Ga15N
at 20MHz (∼ 5 T ﬁeld), shown in Fig. 16. It was possible to use the
NMR results to estimate the hexagonal GaN fraction in the measured
samples: the diﬀerent crystal ﬁelds associated with the zinc-blende and
wurtzite phases give rise to diﬀerent relaxation times which can be
resolved in the measurements [33]. We also observed enhancement of
the 15 N nuclear polarization in zinc-blende Ga15N by pumping the
sample with circular-polarized UV light. A maximum enhancement of
∼30% was measured, which is small compared to the enhancements
previously observed in GaAs and InP. We believe this is due to the high
background carrier concentration in this particular GaN sample.
Further work is underway to produce compensated material, which
should exhibit larger polarization enhancement under optical pumping.
1.6. MBE of free-standing zinc-blende AlGaN layers
We have demonstrated that our newly developed PA-MBE process
for the growth of thick zinc-blende GaN layers also allows us to achieve
free-standing ternary AlxGa1-xN wafers [54]. Zinc-blende AlxGa1-xN
ﬁlms were grown on 2-inch and 3-inch diameter semi-insulating GaAs
(001) substrates.
Initially we developed MBE growth of thin zinc-blende AlxGa1-xN
layers for the complete Al composition range x from 0 to∼1. We have
grown zinc-blende AlxGa1-xN layers on GaAs substrates and used thin
(∼75 nm) zinc-blende GaN buﬀers to initiate the growth of the zinc-
blende phase. The quality of AlxGa1-xN layers degrades with increasing
Al content. In order to sustain the cubic phase during epitaxy it is
crucial to maintain an excess of group III elements on the growth
surface. It is well established that exposing a c-AlN surface to nitrogen
ﬂux leads to the formation of hexagonal AlN clusters [20,55]. We have
used a new approach to maintain an excess of group III elements for the
growth of AlxGa1-xN layers for a wide Al composition range. We have
used an excess Ga ﬂux. The energy of the Al-N bond is signiﬁcantly
stronger than the energy of Ga-N bond. Therefore, we observed
preferential incorporation of Al into the AlxGa1-xN layers from the
Ga-Al liquid on the surface. This method allows us to sustain zinc-
blende growth of AlxGa1-xN layers over almost the whole Al composi-
tion range. The only disadvantage of this approach is that excess Ga is
Fig. 14.. I-V characteristic of the zinc-blende InGaN LED grown on free-standing GaN .
Fig. 15.. The electroluminescence spectrum for the InGaN LED under forward bias.
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Fig. 16.. Free induction decay from 15 N in zinc-blende GaN, NMR frequency 20MHz.
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present on the surface after growth and forms Ga-rich droplets.
However, these Ga droplets can be chemically removed after growth.
There is a measurable diﬀerence in the lattice parameters of GaN
and AlN and, therefore, in a 2θ-ω scan we have observed a monotonic
shift of the zinc-blende XRD peak for the AlxGa1-xN layers with
increasing Al content. From the position of the XRD peak we were
able to estimate the lattice parameter of the AlxGa1-xN layers. The Al
content in each AlxGa1-xN layer were measured using electron probe
micro-analysis (EPMA). Fig. 17 shows the dependence of the lattice
parameter of zinc-blende AlxGa1-xN layer as a function of the Al content
in the layer, measured by EPMA. The Ga excess on the surface of the
AlxGa1-xN layers may cause uncertainty in the EPMA measurements of
the composition. Therefore, we have chemically removed the Ga from
the surface of AlxGa1-xN layers with a high Al content before the EPMA
measurements, as shown in Fig. 17.
In the same Fig. 17, we also plot a linear extrapolation from the
values of lattice parameters for GaN and AlN. For the GaN we have used
our value measured for the free-standing zinc-blende GaN [37] and for
the AlN we have used the value for the thin c-AlN layers grown on 3C-
SiC [55]. The lattice parameter of thin cubic AlxGa1-xN layers changes
almost linearly from the value for the cubic GaN to the value for AlN
and thus closely follows Vegard's law.
Fig. 18 shows the dependence of the photon energy EPLmax on the
composition of zinc-blende AlxGa1-xN layers. The increase of EPLmax
with the increase of AlN content is in qualitative agreement with the
increase of the bandgap Eg [56]. However, the values for Eg and its
direct or indirect origin in zinc-blende AlxGa1-xN alloys are still under
debate [20,57,58]. In analogy with hexagonal AlxGa1-xN [59] we may
expect that the Stokes shift for the PL peak relative to Eg at high AlN
content is more than 100 meV due to localization eﬀects and electron-
phonon interactions [60] in the studied samples.
We have shown that photoexcited electrons and holes in zinc-blende
AlxGa1-xN alloys at x> 0.5 possess strong localization at room
temperature. As a result, the intensity of the near-band edge PL
increases by more than two orders of magnitude in comparison with
pure zinc-blende GaN. The activation energy for localized carriers
increases linearly with AlN content, and at x= 0.95, it reaches the value
of 55 meV [56]. The decay of PL from localized carriers is non-
exponential due to the spatial separation of electrons and holes.
Based on the results for the thin AlxGa1-xN layers, we have
developed MBE growth of free-standing zinc-blende AlxGa1-xN layers
with an AlN content x from 0 up to close to 1. We have grown them on
GaAs substrates and subsequently removed the GaAs in order to achieve
free-standing AlxGa1-xN wafers. Fig. 19 presents XRD data from a free-
standing AlxGa1-xN wafer with a composition of x∼0.10 and a thickness
of∼10 µm. XRD shows only a single peak at∼40°, which is the correct
position of the peak for zinc-blende AlxGa1-xN.
We have studied Al incorporation in the layers using SIMS and
EPMA [54]. We were able to obtain free-standing zinc-blende AlxGa1-xN
layers, which allowed us to perform SIMS studies on both sides of the
free-standing layers. In SIMS we observed a uniform distribution of Al,
Ga and N within the bulk of the AlxGa1-xN layers. There is no signiﬁcant
As incorporation into the bulk of AlxGa1-xN layers, which was con-
ﬁrmed by the As signal being at the background level of the SIMS
system. Therefore, the MBE method we have developed allows us to
achieve the growth of free-standing AlxGa1-xN crystals with a constant
composition.
These SIMS results are also conﬁrmed by EPMA measurements on a
free-standing AlxGa1-xN 2-inch diameter layer as shown in Fig. 20.
Quantitative analysis was performed along a diameter of the 2-inch
diameter free-standing wafer on the side previously in contact with the
GaAs substrate using 10 keV electrons, which penetrate approximately
650 nm into the layer. Averaging sixteen data points gave a AlN mole
fraction of 8.3%. Fig. 20 shows that the distribution of all elements to
be very uniform and the arsenic concentration inside the layer is at or
below the detection limit (∼5 1018 cm−3) of the EPMA system.
However, with increasing Al concentration the Al distribution
becomes less uniform, with the minimum Al content close to the centre
of the wafer. We can attribute this eﬀect to the strong dependence of
the Al incorporation on the group III:N ratio during the PA-MBE under
Ga-rich conditions. It is well established in the PA-MBE growth of
hexagonal AlxGa1-xN layers that under the Ga-rich conditions of the
growth the Al fraction increases with decreasing N ﬂux due to
preferential incorporation of the Al over Ga [61,62]. In our case we
have slightly more N-rich conditions in the centre of the wafer. We are
now investigating ways of minimising this eﬀect.
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Fig. 17.. Dependence of lattice parameter on composition for zinc-blende AlxGa1-xN
layers grown by PA-MBE.
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Fig. 18.. The dependence of the photon energy at the maximum of the PL intensity for
zinc-blende AlxGa1-xN layers on the AlN content.
Fig. 19.. XRD data at the centre of 2-inch diameter free-standing zinc-blende AlxGa1-xN
wafer with x∼0.1 and with a thickness of ∼10 µm.
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1.7. MBE of free-standing wurtzite AlxGa1-xN layers
Free-standing wurtzite (hexagonal) AlxGa1-xN ﬁlms can be also
grown on by our PA-MBE method [63,64]. We have grown layers on
(111)B oriented GaAs substrates in order to initiate the epitaxy of
hexagonal AlxGa1-xN layers.
Initially we have performed PA-MBE growth of thin wurtzite AlxGa1-
xN layers on (111)B GaAs substrates for Al compositions ranging from 0
up to 0.5. As expected, in 2θ-ω XRD plots with increasing Al content in
the layers we observed a gradual shift of the position of the AlxGa1-xN
XRD peak to higher angle. PL and CL studies have conﬁrmed an
increase of the band gap of AlxGa1-xN layers with increasing Al content.
Based on these results we have grown ∼10 μm thick wurtzite
AlxGa1-xN layers under the similar growth conditions with x from 0
up to 0.5. From our previous experience with MBE growth of zinc-
blende GaN, such a thickness is already enough to obtain free-standing
AlxGa1-xN layers without cracking and at the same time does not require
very long growth runs. To increase the thickness even further to
50–100 μm is merely a technical task as we have shown earlier for
cubic AlGaN. For this demonstration of the feasibility of the method,
therefore, we have chosen to grow all AlxGa1-xN layers up to a thickness
of ∼10 μm.
Fig. 21 shows a 2θ-ω XRD plot for a 10 μm thick free-standing
AlxGa1-xN layer. In XRD studies we have observed a single peak at
∼35°, which is the correct position for a wurtzite AlxGa1-xN layer.
Using Vegard's law, we can estimate the composition of the AlxGa1-xN
layer shown in Fig. 21 to be x∼0.25. The value of AlN content in this
AlxGa1-xN layer was conﬁrmed by EPMA measurements. As we have
previously shown, from high resolution XRD scans we can estimate the
zinc-blende fraction, which in this case was below our detection limit
(< 0.1%).
Fig. 22 shows room temperature PL from the surfaces of the thin
(∼0.5 μm) and thick (∼10 μm) AlxGa1-xN layers with x∼0.05. Both
AlxGa1-xN layers were measured while they were still on the GaAs
substrates. We can observe strong PL peaks for both thin and thick
AlxGa1-xN layers. The position of both peaks is shifted from the GaN
band gap to ∼3.6 eV, as expected for a AlxGa1-xN layer with x∼0.05.
We can observe a slightly higher PL energy for the thicker AlxGa1-xN
layer, which shows that the AlN content in this sample is probably
slightly higher. In both samples there is no evidence for any yellow PL
band at around 2.2 eV or PL from any zinc-blende AlxGa1-xN inclusions.
Fig. 23 shows the XRD data for four free-standing AlxGa1-xN wafers
of diﬀerent composition. All four samples have a thickness of ∼10 μm
and were mounted on glass with wax. The AlN content of the AlxGa1-xN
layers was estimated from the position of the XRD peak using Vegard's
law and was conﬁrmed by EPMA studies. We have grown a thin
(∼50 nm) wurtzite GaN buﬀer layer before the growth of all AlxGa1-xN
layers and this GaN buﬀer can be seen as a shoulder on the XRD data
inFig. 23 for the samples with the high Al content.
From XRD data the dependence of the lattice parameters for AlxGa1-
xN were measured as a function of the AlN content and the results for c-
lattice are shown in Fig. 24. The estimated AlxGa1-xN composition data
were conﬁrmed by EPMA studies. On the ﬁgure we have also plotted c-
lattice constants for GaN and AlN and a linear estimate for AlxGa1-xN
alloys c-lattice constants using Vegard's law. Fig. 24 shows that c-lattice
parameter for free-standing wurtzite AlxGa1-xN layers decreases linearly
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Fig. 20.. EPMA data on the lateral distribution of the As, Ga, Al and N on the surface of a
free-standing 2-inch diameter zinc-blende AlxGa1-xN layer.
Fig. 21.. A 2θ-ω XRD plot for a 10 μm thick free-standing wurtzite AlxGa1-xN layer with x
∼ 0.25.
Fig. 22.. Room temperature PL from the surfaces of the thin (∼0.5 μm) and thick
(∼10 μm) AlxGa1-xN layers with x ∼ 0.05.
Fig. 23.. XRD data for 4 free-standing AlxGa1-xN wafers of diﬀerent composition.
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with decreasing AlN content in good agreement with Vegard's law.
In order to study the lateral distribution of the elements across the
2-inch diameter wurtzite AlxGa1-xN wafer, we have performed EPMA
studies on the surface of the AlxGa1-xN previously attached to the GaAs
substrate. Fig. 25 shows the lateral distribution of the AlN and GaN
contents for the ∼10 μm thick free-standing AlxGa1-xN wafer with x ∼
0.5. Fig. 25 conﬁrms that we were able to achieve a uniform distribu-
tion of AlN content across the diameter for the central part of the 2-inch
AlxGa1-xN wafer. However, close to the edge of the wafer the Al
distribution becomes less uniform, with the maximum AlN content
close to the edge, as we demonstrated previously in zinc-blende AlGaN
layers. We again attribute this eﬀect to the strong dependence of the Al
incorporation on the group III:N ratio during PA-MBE. In order to
minimize this eﬀect we will optimize the thickness of the PBN backing
plates used in our PA-MBE substrate holders.
1.8. Increasing the MBE growth rate of free-standing wurtzite AlxGa1-xN
layers
We have used the MBE technique and have produced free-standing
layers of GaN and AlxGa1-xN up to 100 μm in thickness. However, in our
studies, the growth rate for AlxGa1-xN ﬁlms remained below 1 µm/h and
this is too slow to make the process commercially viable. We need to
increase the growth rate and decrease the growth time required to
achieve free-standing AlxGa1-xN layers to less than one day.
A few years ago Riber developed a novel plasma source for the fast
growth of GaN layers - RF-N 50/63. Riber modiﬁed the construction of
the source and optimised the design of pyrolytic boron nitride (PBN)
crucible and PBN aperture arrangement. The conductance of the
aperture plate was increased by increasing the number of 0.3mm
diameter holes to 1200. The ﬁrst tests of the novel Riber source were
performed for the growth of very thin GaN layers grown for 5min on
small size wafers [66]. The authors of that work demonstrated that with
this novel source it was possible to achieve GaN growth rates up to
2.65 µm/h [66]. We have successfully used similar type Riber plasma
source to demonstrate growth rates of thick GaN layers up to 1.8 µm/h
on 2-inch diameter GaAs (111)B and sapphire wafers [65].
Recently, Riber have again modiﬁed the design of the aperture of
their plasma source for even faster growth of GaN layers. The aperture
conductance has been increased again by increasing the number of
holes, which allows a further increase in the GaN growth rate.
Researchers from Santa Barbara have demonstrated that the new source
with 5880 holes in the aperture plate allows them to achieve growth
rates for thin GaN layers up to 7.6 µm/h with very high nitrogen ﬂow
rates of about 25 sccm [67]. Veeco is following the same path, in their
latest design they have replaced original plasma aperture with a 5.6
times higher conductance aperture in order to allow for higher gas ﬂow
while still maintaining the high-brightness RF nitrogen plasma mode
[68]. First tests of the new Veeco's source demonstrated growth rates
for thin GaN layers up to 9.8 µm/h, which was achieved using 20 sccm
of N2 plus 7.7 sccm Ar ﬂows at 600W of RF power [68].
In this section we will describe our recent results in the development
of our PA-MBE approach for the growth of free-standing wurtzite
AlxGa1-xN crystals using the latest model of fast-growth Riber RF plasma
source with 5880 holes in the aperture plate [69–71].
Initially we carried out PA-MBE growth of thin (∼1 μm) wurtzite
AlxGa1-xN layers on 2-inch diameter (111)B GaAs substrates. Wurtzite
GaN buﬀers,∼50 nm thick, were deposited before the growth of all the
AlxGa1-xN layers. The HD25 plasma source from Oxford Applied
Research and a modiﬁed novel high eﬃciency plasma source from
Riber were compared for the initiation of GaN on (111)B GaAs
substrates. For both RF plasma sources we observed a hexagonal GaN
RHEED pattern a few minutes into the growth.
Zinc-blende crystallites have been observed at the GaN layer/GaAs
(111)B substrate interface as shown in Fig. 26. Zinc-blende crystallites
extend for the ﬁrst few tens of nanometres into the GaN wurtzite ﬁlm,
before being terminated at (0001) basal plane stacking faults. A small
fraction of zinc-blende GaN close to the interface may be explained by
As contamination of the ﬁrst nanometers of the GaN layer. We have also
observed some erosion of the GaAs substrate surface. There may be two
main reasons for the roughening of the GaAs interface – it may be a
result of the initial N-plasma etching or it may be a result of Ga-melt
etching due to the relatively high As solubility in Ga at MBE growth
temperatures. We still have not resolved which of these mechanisms is
dominant.
From general considerations one might expect that GaN layers
grown on a GaAs (111)A surface will exhibit Ga-polarity, but N-polarity
will become preferable for the growth on GaAs (111)B substrates.
However, it was demonstrated that this may depend strongly on the
MBE growth conditions [72].
The polarity of our AlxGa1-xN and GaN layers grown with high
growth rates have been investigated using high resolution Scanning
Transmission Electron Microscopy (HR-STEM) [71]. Fig. 27 shows HR-
STEM images of three areas of the GaN buﬀer and AlxGa1-xN ﬁlm
viewed at atomic resolution. The AlxGa1-xN ﬁlm clearly shows N-
polarity due to the relative positions of the individual nitrogen atomic
columns with respect to the gallium atom columns in the wurtzite
crystal along the [0001] direction. The polarity of the AlxGa1-xN layer
was veriﬁed by Convergent Beam Electron Diﬀraction (CBED) studies
(not shown), which conﬁrmed N-polarity in the AlxGa1-xN ﬁlm.
However, there appear to be isolated regions of mixed polarity in the
GaN buﬀer layer, as shown by two atomic resolution images of diﬀerent
GaN regions, which suggest that both N- and Ga-polar regions occur.
This may be due to isolated N-polar regions forming by growth on
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Fig. 24.. The variation in c lattice parameter for 10 µm thick wurtzite AlxGa1-xN layers as
a function of aluminium content.
Fig. 25.. EPMA data on lateral distribution of Al and Ga on the surface of a 2-inch
diameter AlxGa1-xN layers with x ∼ 0.5.
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meltback-etched regions of the GaAs substrate. However, no inversion
domain boundaries were observed in the buﬀer region, so it is not
known whether these mixed polarity regions occur in high densities.
The high density of extended defects in the GaN buﬀer layer resulted in
scattering eﬀects in CBED patterns, preventing conclusive CBED
information about GaN buﬀer ﬁlm polarity to be measured.
Previous studies demonstrated that to achieve the highest growth
rate of ∼7.6 μm/h one needs to use a very high nitrogen ﬂow of ∼25
sccm [66,67]. In order to grow thick AlxGa1-xN layers in our conven-
tional MBE system with the standard pumping conﬁguration we used
relatively low nitrogen ﬂow rates of∼6 sccm. That enabled us to grow
thick AlxGa1-xN layers with our CT-8 cryopump pumping system
without frequent regeneration of the cryopump. The beam equivalent
nitrogen pressure in the chamber during growth did not exceed
2× 10−4 Torr.
First we studied the growth rate of GaN as a function of Ga ﬂux to
determine the transition from N-rich to Ga-rich growth mode. For this
purpose we grew GaN ﬁlms at nitrogen ﬂow rates of 6 sccm with an RF
power of 500W. Films grown under N-rich conditions were free from
Ga droplets, which were clearly visible under Ga-rich conditions.
Fig. 28 shows that the maximum growth rate achieved in this study
was∼3 µm/h, which is consistent with previous studies using the Riber
source [66]. From the above data we determined the Ga ﬂux corre-
sponding to the transition from N-rich to Ga-rich growth. Using that
information we have grown a set of AlxGa1-xN layers under slightly
group III-rich conditions with an AlN content of about 20 mol%.
Fig. 29 demonstrates that the AlxGa1-xN layer thickness increases
linearly with growth time. We have observed a growth rate of
∼2.2 µm/h, which is lower than we can see on sapphire wafers under
similar conditions. This is probably result of diﬀerent growth surface
temperature or diﬀerent Ga(Al) re-evapoartion on sapphire and GaAs
substrates, but this question is still under investigation.
In 2θ-ω XRD plots we observed a shift of the AlxGa1-xN peak to
higher angle in comparison with a pure GaN layers, indicating a small
decrease in lattice parameter in agreement with the literature. As
shown in Fig. 30 for a 100 μm thick wurtzite AlxGa1-xN layers we
observe a single 0002 reﬂection at ∼35°, which using Vegards law is
consistent with the AlN mole fraction x∼ 0.2. This estimate of the AlN
mole fraction was also conﬁrmed by both energy dispersive X-Ray
analysis (EDX) and SIMS studies. XRD measurements show that the
zinc-blende content was below the detection limit (0.1%).
Figs. 31 and 32 shows the full-width-at-half -maximum (FWHM) of
the 0002 peak at∼35° from XRD ω-plots for several wurtzite AlxGa1-xN
layers grown on 3-inch GaAs as a function of growth time. The AlxGa1-
Fig. 26.. A high resolution TEM image of the GaN/GaAs interface [69].
Fig. 27.. HR-STEM image of the AlGaN/GaN/GaAs (111) B substrate interface [71].
Fig. 28.. Growth rate dependence for GaN layers on 2-inch sapphire on the Ga ﬂux for the
Riber plasma source.
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xN layers were grown at a growth rate of ∼2.2 µm/h and with an AlN
content of x∼0.2. The growth time was up to 50 h and the thickness of
the layers was up to∼100 µm. In all of our earlier experiments with the
growth of free-standing zinc-blende AlxGa1-xN layers, we observed
degradation of the crystal quality of the layers with increasing thickness
due to a gradual build-up of the concentration of wurtzite inclusions in
the zinc-blende matrix. In the current research, the structural quality of
the wurtzite AlxGa1-xN layer improves rapidly with increasing layer
thickness during the ﬁrst few hours of growth. This is due to cubic
inclusions close to the GaN/GaAs interface reverting to wurtzite. There
is also a steady reduction in the density of stacking faults in the ﬁlm,
which are readily generated by growth on mixed phase material close to
the GaN/GaAs interface. However, we are still investigating the
mechanisms behind that. The structural quality of AlxGa1-xN then
slightly degrades during further MBE growth. This may arise because
we are probably shifting from the optimum growth temperature and
Ga/N ﬂux ratio after the ﬁrst ten hours of growth, due to depletion of
Ga in the Ga SUMO-cell during the long growths with high ﬂuxes of BEP
∼2×10−6 Torr.
SIMS studies of wurtzite AlxGa1-xN show that the Al, Ga and N
proﬁles are uniform with depth within experimental error. There was
no signiﬁcant As detected in the SIMS proﬁles.
Photoluminescence (PL) studies show an increase in room tempera-
ture peak energy with increasing AlN content again as previously
observed in the literature. Fig. 33 shows that we observe strong room
temperature luminescence from the surface of a 100 μm thick layer,
suggesting the sample is of good optical quality. The energy of the PL
peak is about 100 meV lower than expected for Al0.2Ga0.8 N, assuming
zero bowing factor, which suggests the peak may be due to donor-
acceptor pair recombination.
Free-standing AlxGa1-xN wafers with thicknesses in the 30 to 100 μm
range may be used as substrates for further growth of AlxGa1-xN-based
structures and devices. The novel high eﬃciency RF plasma source
allowed us to achieve such AlxGa1-xN thicknesses on 3-inch diameter
wafers in a single day's growth (Fig. 34), which makes our growth
technique potentially commercially viable.
1.9. Boron impurities in MBE GaN and AlxGa1-xN layers
Many years ago it became clear that in PA-MBE using a nitrogen RF
Fig. 29.. Thickness dependence on the growth time for AlxGa1-xN layers (x ∼ 0.2) on 2-
inch sapphire (6 sccm N2 ﬂow at 500W).
Fig. 30.. XRD scan of 2θ-ω of the 0002 peak for a wurtzite AlxGa1-xN layer.
Fig. 31.. XRD ω-plot of the 0002 peak for a wurtzite AlxGa1-xN layer (x ∼ 0.2, thickness
∼100 µm).
Fig. 32.. Dependence of ω XRD 0002 peak FWHM for a wurtzite AlxGa1-xN layers on the
growth time.
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Fig. 33.. Room temperature PL of wurtzite AlxGa1-xN layer (x ∼ 0.2, thickness
∼100 µm).
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plasma source there is unintentional doping of the layers with boron (B)
due to decomposition of either the pyrolytic boron nitride (PBN) cavity
or the PBN aperture plate of the RF plasma source or both [73]. It was
established that the boron background concentration in unintentionally
doped GaN depended strongly on the RF power for the plasma nitrogen
source [74].
During the last few years, we have compared diﬀerent RF nitrogen
plasma sources for the growth of thick free-standing wurtzite AlxGa1-xN
ﬁlms. We are using a highly eﬃcient RF plasma source with high
nitrogen ﬂows and high RF powers. Our GaN growth rates reached
3 µm/h, which is about one order of magnitude higher than in our
earlier studies. Therefore, one can expect that the PBN cavity decom-
position and unintentional B incorporation could become signiﬁcantly
more intense.
We have studied several AlxGa1-xN layers grown by MBE with the
HD-25 plasma source and we have observed similar boron incorpora-
tion levels similar ∼7–8×1017 cm−3 [75]. For growth of the AlxGa1-
xN layers we have used group III-rich conditions and a growth rates of
∼0.25 µm/h. The boron concentration was quantiﬁed by SIMS using
reference samples of boron implanted standards.
Fig. 35 shows SIMS proﬁles for B for a w-AlxGa1-xN layer (x ∼ 0.2)
grown with the highly eﬃcient Riber RF plasma source. We have grown
the AlxGa1-xN layer on a 2-inch GaAs substrate for ∼45 hours under
group III-rich conditions, with a growth rate∼2.25 μm/h. Using SIMS,
it is not cost eﬀective to try to sputter through the entire ∼100 μm of
the layer to see the AlxGa1-xN/GaAs interface. Therefore, Fig. 35
presents SIMS data from the top ∼1.5 μm of w-AlxGa1-xN layer. The
arsenic concentration is below or just on the level of sensitivity of SIMS
system. The boron concentration in AlxGa1-xN layer is uniform through
the layer and is ∼3× 1018 cm−3. It is very important to highlight the
fact that the boron concentration in the AlxGa1-xN layers presented was
practically identical and has not changed after 2 days of continuous
MBE growth using the Riber RF plasma source. We have studied several
AlxGa1-xN layers grown under similar MBE growth conditions with the
Riber plasma source on 2-inch and 3-inch GaAs substrates and we have
observed similar levels of boron incorporation to that shown in Fig. 35.
The growth rate for AlxGa1-xN layers achieved with the Riber source
is∼2.2 µm/h, which is∼10 times faster than that for the layers grown
with the HD-25 source of∼0.25 µm/h. However, the boron concentra-
tion is only 4 times higher and increased from ∼7–8×1017 cm−3 to
∼3×1018 cm−3. Therefore, boron doping concentration in the layer is
increasing for the GaN layers grown with the highly eﬃcient source,
but not as fast as the increase in growth rate. To understand this let's
consider the growth parameters, which will inﬂuence the boron
incorporation. The boron concentration in the layer will be equal to
the total number of boron atoms in the GaN layer divided by the total
volume of the GaN layer. Therefore, boron concentration is propor-
tional to the boron ﬂux divided by the growth rate [75]. This means
that if, for example, the growth rate increases by a factor 10 and the
boron ﬂux also increases by a factor 10, the resulting boron concentra-
tion in the GaN will not change at all. Therefore, we can see that we
have strong increase in the boron ﬂux coming from the highly eﬃcient
RF plasma source. However, this resulted in a relatively small increase
in the boron concentration, because the growth rate is also higher.
Therefore, the level of unintentional boron doping in GaN layers grown
with a highly eﬃcient plasma sources is only a few times higher than
the boron concentration in layers grown with a standard RF plasma
sources. Therefore, we can conclude that boron incorporation with this
highly eﬃcient RF plasma source is approximately 3× 1018 cm−3 for
the AlxGa1-xN growth rates of 2–3 µm/h.
2. Summary
In this review we have discussed the growth of free-standing zinc-
blende (cubic) and wurtzite (hexagonal) GaN and AlxGa1-xN layers by
plasma assisted molecular beam epitaxy (PA-MBE). We have produced,
for the ﬁrst time, free-standing layers of zinc-blende GaN and AlxGa1-xN
up to 100 μm in thickness and up to 3-inch in diameter. We have shown
that our newly developed PA-MBE process for the growth of thick zinc-
blende GaN layers can also be used to achieve free-standing wurtzite
AlxGa1-xN wafers. We have demonstrated controlled doping and Al
composition control for free-standing AlxGa1-xN layers. At a thickness of
∼30 µm, free-standing GaN and AlGaN wafers can easily be handled
without cracking. Therefore, free-standing GaN and AlxGa1-xN wafers
with thicknesses in the 30–100 μm range may be used as substrates for
further growth of GaN and AlxGa1-xN-based structures and devices.
Using the new high eﬃciency plasma sources it is possible to grow such
free-standing cubic and hexagonal GaN and AlxGa1-xN layers in a single
day making PA-MBE a potentially viable commercial process.
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